A new hydraulic brake utilizing a self-energizing effect is developed at the Institute for Fluid Power Drives and Controls (IFAS). In addition to a conventional hydraulic braking actuator, it features a supporting cylinder conducting the braking forces into the vehicle undercarriage. The braking force pressurizes the fluid in the supporting cylinder and is the power source for pressure control of the actuator. The new brake needs no external hydraulic power supply. The only input is an electrical braking force reference signal from a superior control unit. One major advantage of the SEHB concept is the direct control of the actual braking torque despite friction coefficient changes.
Introduction
The new brake concept of Self-energising ElectroHydraulic Brake (SEHB) combines high force-to-weight ratio of hydraulic actuation with flexibility of digital control and efficiency by using the principle of self-energisation. It is being developed at the Institute for Fluid Power and Controls (IFAS, RWTH Aachen University) within a research project funded by the DFG (German Research Foundation), see Fig. 1 . The SEHB concept was firstly introduced in [1] and [2] , with a study on the anticipated performance by nonlinear simulation. A first analytical study on the brake dynamics on the basis of a linearised model is found in [3] . SEHB offers the advantages of hydraulic brake actuation without disadvantages of a centralized hydraulic power supply. This is possible by the principle of self-energisation. The wheelset's inertia momentum is used by each calliper as the source of power to supply hydraulic pressure for braking. The brake principle and its advantages over conventional brakes is explained in section 2
On the basis of the Performance specification given in section 3, section 4 and section 4 describe the mechanical and hydraulic design parameters of the first brake prototypes developed at IFAS. A systematics of mechanical design configurations is given of which two are chosen to be implemented as prototypes. Both prototype designs are shortly presented in this section.
Section 6 presents simulation results using parameters of prototype design II and discusses its dynamic brake behavior.
Working principle of SEHB
The idea of SEHB is, that the pressure needed for actuation of a hydraulic disc brake is gained from hydraulic support of the friction force. Unlike conventional brakes, where the brake caliper is fixed, in the SEHB concept it is movable tangential to the friction contact. A hydraulic supporting cylinder connects the calliper to the bogie structure, thus fixing it between two columns of oil, see 
In case of braking, the friction force acts on the supporting cylinder, causing a pressure difference. Independent of which chamber is pressurised and which is released, the configuration of four check valves assures that the lower line has the higher pressure and the upper line is low pressure. A control valve connects high-and lowpressure side with the chambers of the brake actuator. If the right flow-scheme of the control valve is active, highpressure is applied on the piston face, while the ring side of the brake actuator is connected to low-pressure. Depending on the ratio between piston areas this leads to a self-energising process of brake force increase because the supporting pressure is always higher than the brake pressure, which would be needed to cause this supporting pressure. This process has been studied analytically in [3] . If the left flow-scheme of the control valve is active, the piston face chamber is relieved to low pressure side, while the piston ring side is charged with the decreasing pressure of the supporting cylinder. The accumulator always contains enough pressurised fluid from a previous braking to enable the active lifting of the brake pads from the brake disk even when no pressure is left in the supporting cylinder.
Without a closed loop control, with the brake valve being in its right control scheme, the braking pressure would constantly rise. The closed loop control acts to close the control valve when the desired friction force is achieved. As a matter of principle, the SEHB needs a feedback loop to be stable. This feedback is not drawn in Fig. 2 . One way to realize it, would be by measuring the load pressure in the supporting cylinder with pressure transducers and magnetic actuation of the valve by a controller device. An alternative could be a hydro-mechanic feedback, where the pressure in the supporting cylinder is used to actuate the spool of the control valve. The set value would be a hydraulic or mechanic actuation. In that case no electric components would be needed.
While the necessity of a closed loop control might look like a drawback of SEHB at first, it is also one of its major advantages: It allows the direct control of the actual braking force, independently of friction coefficient changes. The load pressure in the supporting cylinder is the control variable of the closed loop control of SEHB. Since the load pressure is in direct relation to the friction force, this offers the possibility to control the actual retardation torque on the brake disk. Conventional friction brakes only control the perpendicular actuator force. Since the friction coefficient µ is influenced by parameters like speed, brake pressure and temperature, conventional brakes can only estimate the actual friction force F brake and the retardation torque respectively. The retardation torque, however, is the control variable for vehicle dynamics control systems like the Electronic Stability Program (ESP). This is obvious, since the vehicle dynamics is influenced by the retardation of a wheel and not by the actuator force of the brake calliper. Tab. 1 summarizes the advantages and disadvantages of SEHB over a conventional hydraulic brake.
pro con no external hydraulic interface required space for moving caliper closed loop brake control can deliver data about actual braking torque to superiour control systems (autonomous braking) constant braking torque irrespective of friction coefficient changes 
Performance specification of SEHB
The performance specification for SEHB is derived from the target application of the brake, defined by the research project "EABM", funded by the German Research Foundation (DFG). The basic specification is based on the presumption that a passengers railway car does not necessarily need to be heavier than a comparable road vehicle, a bus.
• Maximum speed: v 0 = 120 km h
• Maximum waggon load: m = 13.6 t
• Two pairs of individual wheels, four disc brakes
• Diameter of wheel (new / old): d wheel = 920 mm/840 mm General performance requirements for railway brakes are normed for specific railway types, [5] . For a maximum stopping distance of 500 m at maximum velocity and an estimated response time of 0.8 s, the brake must provide a maximum deceleration of a little less than
The maximum retardation force F d is calculated by multiplying the mass inertia per disc brake times deceleration plus a constant force resulting from slope of s = 4 % and gravity g, Fig. 3 . The rotary inertia of wheels and drives is included with a factor k r = 1.1 in the translatory inertia.
The maximum friction force F brake acting on a friction radius of r f = 245 mm then yields:
SEHB prototype designhydraulic aspects
This section describes the hydraulic design parameters of the first SEHB prototype, which are a result of iterative steps of design and simulation analysis. Beside the cylinders, the control valve and the accumulators, also the springs in the brake actuator for initiation of the selfenergisation and in the supporting cylinder for automatic retraction of the supporting cylinder are covered in this section because they interact with the pressure forces and piston friction forces
Cylinders
The supporting cylinder has a piston diameter of d 1Sup = 40 mm and a piston rod diameter of d 2Sup = 25 mm. At maximum brake force (Eq. 2), taking a transmission ratio between brake force and supporting force of i L = 1.8 into account (Eq. 4), the supporting force is F Sup = 6072.8 N resulting in a maximum pressure of p max = 79.3 bar.
The size of the actuator follows from the precondition of self-energisation, [2] :
According to Eq. 3 for a minimum friction coefficient of µ > 0.14 a differential cylinder with piston diameter of d 1BA = 80 mm is sufficient. It has a piston rod diameter of d 2BA = 50 mm with 70 mm stroke.
Control valve(s)
The brake valve indicated in Fig. 2 can be realized by a The low value accentuates the fact that robust and reasonably priced components can be used.
Alternatively the use of four 2/2-way fast-switching valves for brake control has been studied and is scheduled for trial in the prototype design. Fast switching valves as used in anti-lock braking systems (ABS) are leakage proof in the closed position.
Accumulators The high-pressure accumulator has a storage capacity of 11 ml, enough for retracting the actuator for more than 3.5 mm. It features a pre-stressed spring that allows it to by filled starting with 15 bar. It is completely filled at a pressure of 21 bar. The expansion tank has a storage capacity of 141 ml. Fully charged it generates a system pressure of around 2 bar on the lowpressure side. The accumulator is fully charged when the brake piston is completely retracted.
Springs Braking of SEHB results in movement of the supporting cylinder. Therefore after every braking the supporting cylinder should retract to the middle position. The retraction springs in the supporting cylinder are prestressed with 200 N to overcome friction and pull the cylinder into middle position when the switching valve, connecting the chambers of the supporting cylinder, is opened. The cumulative stiffness of the springs is 2 N mm .
The spring in the actuator presses the brake pad on the disk to initiate the self-energisation. Self-energisation is initiated, when the brake force produces a certain pressure level in the supporting cylinder. The level is reached, when the force of the actuator caused by this pressure exceeds the force caused by the initiating spring. The calculation of the required spring force for successful initiation was derived in [3] . In the present design the spring applies 1920 N in middle position of the actuator and has a stiffness of 16 N mm .
SEHB prototype designmechanical aspects
The previous section focused on components realizing the brake function. This section focuses on design decisions concerning the mechanical implementation of these functions for a specific application.
For the design of the SEHB prototype the over-all concept can be split into subtasks, each with a range of possible solutions. The combination of these solutions builds the space of possible solutions. An advantage of this theoretic approach is, that it allows an easier documentation of different solutions through classification. Also, it systematically reveals characteristics of different arrangements. These characteristics can be compared to design requirements and restrictions of the target application. Following structural alternatives for sub-tasks of the SEHB will be considered in the following paragraphs. • Piston rod attached to brake actuator (cylinder fixed)
• Cylinder attached to brake actuator (piston rod fixed)
Supporting cylinder
• Double rod cylinder
• Differential cylinder
• Arragements of 2 independent plungers
• Integrated design of 2 plungers
• Rotary actuator
Brake acutator
Two major types of brake actuators can be distinguished, the fixed and the pin-slide caliper, Fig. 4 . Usually the brake disk is axially fixed and the brake pads are movably guided in the brake by a part, which supports the tangential brake force. The brake actuator generates the normal force between brake pads and disk. To avoid lateral forces on the disk, both pads should apply the same normal force. This can be achieved by two separate hydraulic plungers with equal piston areas in a fixed caliper (left in Fig. 4 ), pressing from both sides. In this case the bracket guiding the brake pads and the plungers can be integrated into one part. Another solution is a caliper consisting of two parts (right in Fig. 4 ). One part, the bracket, is connected to the bogie structure. It is responsible for lateral guiding the pads and conducting the brake force into the fixed structure. The other part is guided on pin-slides perpendicularly to the disk connected to the bracket. It encompasses the brake disk and has a brake actuator on one side only. When the actuator is pressurized, it pushes both pads symmetrically onto the brake disk.
One advantage of a fixed caliper is, that it has no moving parts except the pistons. The hydraulic connection can be stiff piping instead of flexible hose. With the concept of SEHB, during braking there is always a movement between brake actuator and pressure source, though. Advantages of a pin-slide caliper over a fixed caliper are: • Reduced installation space
• Reduced weight
• Less external sealings
• Only one contact surface between piston and brake pad reduces heat transfer into fluid
The retraction of the brake piston is necessary to lift the brake pads off the disk. In many brake designs the retraction is realized passively. The slight unevenness of the disk pushes back the brake piston while at the same time it is pulled by the elasticity of a deformed sealing or a spring. The gap of typically 40 − 60 µm between pads and disk of conventional automobile brakes is produced by the sealing elasticity. For trains it is common practice to have a gap of 2 − 3 mm, which is guaranteed by pre-stressed springs. The reason for the huge gap of train brakes is that there is no stiff connection between caliper and wheelset. The brake pads are hanging on links mounted to the bogie which can move vertically or tilt in relation to the wheelset due to the spring-damper system connecting them. To prevent frequent or permanent touch between brake pads and disk, which can lead to glazing of the brake lining, the gap is set to a higher value. For safety reasons, as failsafe state a complete deflated system must be assumed. Therefore an active retraction is needed, which uses the pressurized fluid in the high pressure accumulator from the previous braking for active retraction. Fig. 5 shows the difference between passive and active retraction of the brake piston.
Actuator guidance
A unique characteristic of SEHB is the brake pad movement in direction of the brake force, producing the necessary hydraulic power in the supporting cylinder, which in turn is used for brake actuation. This movement must be guided in some way to avoid an overlap of the brake pads beyond the disk. While it may be considerable in some applications to allow small overlap, an exact or approximated circular guidance is certainly required in most cases. Two options to realize this guidance are depicted in The most obvious way to realize circular guidance is to connect the caliper with a radial bearing to the brake shaft, as shown left in Fig. 6 . The radial bearing appeals to be simple at first but it has some significant disadvantages.
Firstly it produces loss in the drive train. Moreover, it must be designed separable, in applications where it cannot be mounted on one of the axletree's ends. The shaft radius of a trains wheel-set is typically around 180 mm, while for the purpose of the bearing 40 mm would be sufficient. The attachment of the caliper on the wheel-set is contrary to today's service procedures. Before changing the wheel-set the brake would have to be disconnected from the shaft. Therefore alternative solutions for circular guidance are necessary. Right side in Fig. 6 depicts a solution using a slider guided in a circular groove. The suitability of this solution in the rough environmental conditions that a bogie is exposed to is questionable. A third solution using only simple joints is the application of a Watt-I 6 link mechanism. The Watt-I linkage, where the first beam (0;6) is fixed, is shown in Fig. 7 . With part (1) and (3) being straight beams crossing each other in the middle and (2), (4) and (5) each half as long as (1) and (3), beam (5) is guided as if rotating around point (P), which is the intersection of (0) and (5). This mechanism is applied on SEHB in Fig. 8 . The advantage of this 6 link mechanism is, that no machine parts have to be near (P). The brake can be completely mounted to the bogie. 
Alignment of supporting cylinder on vector of brake force
A support of the brake force by the supporting cylinder with a vertical or horizontal displacement leads to stress in the parts between brake bracket, which holds the brake pads, and its links to the wheelset and bogie. This fact is illustrated in Fig. 9 . The brake force vector lies in the center of the brake disk tangential on the friction radius. By principle, the supporting cylinder carries only an axial load. Therefore, a vertical displacement between the supporting cylinder and the brake force (see left side in Fig. 9 ) leads to a bending momentum in the bracket, which is compensated by additional bearing forces in the joints connecting the bracket to the wheelset and the supporting cylinder. Also flexural stress is caused in the bracket. Both necessitates stronger links and components. A horizontal displacement (right side in Fig. 9 ) adds another momentum in vertical direction. The attachment of the supporting cylinder(s) directly onto the guiding bracket of the brake pads would be ideal to minimize flexural stress in the brake.
Mounting orientation of supporting cylinder
The supporting cylinder should carry only axial forces since lateral forces increase the friction force of the cylinder and cause wear of the guide sleeves. The easiest way to eliminate transverse forces is the use of spherical joints, which can be mounted on the piston rod ends but not on the cylinder. Only a differential cylinder offers the possibility to be fixed by two spherical joints, one mounted to the piston rod and the other to the bottom end of the cylinder. The double rod cylinder is normally mounted over two linkage stubs attached to both sides of the cylinder. They allow a one-dimensional tilting only and have to be aligned precisely to prevent transverse forces. For the generation of the supporting pressure, it does not mind whether the piston rod is attached to the caliper and the cylinder to the bogie or the opposite way. For the mechanical design it makes a difference because the piston rod end and the sperical joint are much smaller than the cylinder. Advantages resulting from the attachment of the cylinder to the caliper are:
• Integrated design possible of supporting cylinder and caliper
• Single serviceable unit
• Simple mechanical connection to bogie
• No hydraulic lines between bogie and caliper
Advantages resulting from the attachment of the piston rod to the caliper are (see upper right of Fig. 10 ):
• Compact caliper
• Hydraulic valves mounted on cylinder are shock protected
• Reduced unsprung mass
• Connection of supporting cylinder to bracket within brake radius less complex
Supporting cylinder design
The type of design of the supporting cylinder has not yet been discussed. Fig. 10 is an overview over possible configurations for different supporting cylinder types. To facilitate bi-directional braking, both, a double rod or a differential cylinder, come into question, see solution (1) to (4) in Fig. 10 . However, one requirement of a brake for trains is that the braking effect is independent of the vehicles direction of motion. Therefore, the supporting cylinder must have equal piston areas.
The double acting cylinder can be divided into two plungers as shown in solution (5) to (10). Using plungers offers greater design flexibility, which can be useful when aiming on large scale integration. Plungers are also costefficient for mass production. Another advantage is that the diameter of a plunger compared to a double rod cylinder with the same piston area is much smaller.
A very interesting solution is the integration of two plungers into one actuator as shown in (11). It looks like a differential cylinder but it features two equal piston areas. Pressurizing chamber A leads to a pushing force. Pressurizing the ring area in chamber B leads to a pulling force. This design has significant advantages. It is very compact in length and not much wider than the double rod cylinder. Spherical joints can be mounted on both ends. A drawback is from a production viewpoint that it requires small tolerances. The cylinders have to fit very well into each other.
To complete this systematics, rotary actuators (12) and (13) can be used to support the brake force. At the first glance they may facilitate very compact solutions, allowing large scale integration. Though, a difficulty is the rather huge leakage compared to a cylinder. It could lead to an early exhaustion of the supporting cylinder during a braking.
Prototype I on basis of automobile brake calliper
By mapping the requirement specifications with characteristics of the design options presented in this section, it is possible to choose a set of configurations coming into question for the first prototype design. Of course boundary conditions such as project time line and already existent parts also have influence on the final configuration. Therefore the prototype design of SEHB is done in two phases. The purpose of prototype design I is the demonstration of the self-energizing effect and its successful closed loop control. The verification of the simulation model by measurements serves as a basis for further detailed theoretical studies. It will presumably trigger study of new aspects which were not observed by simulation so far. In this way measurements, validating the SEHB concept are obtained at an early project phase. The first prototype is designed on the basis of a conventional automobile brake, as seen in Fig. 11 .
The test rig features a brake disk driven by a hydraulic variable displacement motor in secondary control mode in combination with a flywheel. The brake shaft ends with the brake disk. As a caliper a pin-slide caliper with passive retraction of the brake actuator by elasticity of a square seal is used. A circular guidance is realized by polymer plastics sleeve bearings. The point of brake force application into the supporting cylinder is on the opposite side of the caliper initially on the brake radius. For testing purposes it can be adjusted vertically with a slider mechanism ±10 mm. The bending momentum in the part connecting the caliper to the pivot and the supporting cylinder is relatively high. However, only a small flexural stress is caused because of the small gap between supporting 
Prototype II featuring double-acting differential cylinder
Since the research project, within which the brake is developed, aims at an integrated module consisting of drive and brake, the prototype design should not only prove the SEHB concept, but also hold out the prospect of successfully implementation in a train. This regards safety (fail-safe), installation space, brake functions (wear adjustment, gap between pads and disk, service brake, parking brake, etc.) and comfort (performance of closed loop control control, noise). Therefore prototype II is designed with a double acting brake actuator for active retraction and a fail safe braking concept realized by a prestressed spring as shown in Fig. 12 .
The point of brake force application into the supporting cylinder is in-plain above the brake disk. The attachment of the supporting cylinder above the caliper leads to a reduced supporting force compared to the braking force. The gear transmission ratio is
The bending momentum in the part connecting the caliper to the pivot and the bows connecting it to the supporting cylinder is lower than in prototype I. Flexural stress is minimized because the supporting force is in-plain with the disk. The supporting cylinder is a double rod cylinder. The arrangement (1) of the cylinder between test bed and caliper shown in Fig. 10 was used.
Simulation of SEHB Prototype II
A DSHplus simulation model of the presented prototype design is used to predict the brake's dynamic behavior and facilitates the study of influencing parameters such as piston friction, pressure dependent bulk modulus and contained air in the fluid. [4] . Simulation parameters The parameters of the cylinders, valves, accumulators and springs were derived in Sec. 4 from the requirement specifications. In addition to the already discussed design parameters, the following parameters were used for the presented simulation results:
The friction of the cylinders is modeled on the basis of a Stribeck Curve, featuring a brakeaway force at the beginning of a motion, a region of mixed friction, where the friction force decreases with rising speed, and a region of viscous friction starting at higher velocities. The supporting cylinder is parametrised with 50 N breakaway force, a mixed friction of 30 N at 0.1 m s and a viscous friction of 10 Ns mm . The breakaway force of the brake actuator is estimated to be higher (200 N) mainly because of the larger diameter. The prediction of the friction forces is very uncertain because of its pressure dependency which is not included in the model.
The parameters of the fluid simulate the behavior of HLP 46 hydraulic fluid. Pressure dependency of the bulk modulus and the influence of contained air is accounted for. The bulk modulus has a significant influence on the performance in the phase of initiating the self-energizing effect of the brake, as proved by simulation. The simulation results shown below were yielded for an undissolved air content of 0.01%.
The mechanical stiffness of the brake caliper, brake linings and brake disc is estimated to be 75 kN mm . At the beginning of a simulation a clearance of 3 mm is parametrised between brake pads and disc.
The frictional force between brake pads and disk is calculated using a characteristic diagram. It was derived in the context of this research project from test data supplied by a manufacturer of brake linings, [3] . Fig. 14 shows the friction coefficient in relation to velocity and pressure used for the simulation. The friction model facilitates a more realistic simulation. The friction coefficient rises while the vehicle is decelerating. Therefore the brake controller will act to minimize the resulting brake force deviation. For very low braking pressures, as they occur in the initiation phase, the friction coefficient and the self-energisation respectively is lower than for higher pressure. This leads to more realistic evaluation of the rise time of the brake.
Simulation results
The simulation results provide evidence of the high dynamics of the brake. Special focus is given on the system's dead time t d , the time constant T c of the closed loop control dynamics and times t retract for retracting of the brake actuator and t regen for regeneration of the supporting cylinder. The dead time t d can be defined as the period between brake demand and 90 % achievement of the set value. The time constant T c is defined similar to the time constant of a first-order delay system. It is the time between the intersections of a tangent on the steepest part of the control variable trajectory with the starting and the set value.
The response of the brake can be demonstrated particularly well with sudden changes in the reference input value. This is not intended to be the simulation of a typical rail vehicle braking operation, which, of course, is not sudden for reasons related to passenger comfort and safety. The achievable brake dynamics plays an important role for wheel slide protection performance and constitutes one of the main advantages of hydraulic systems over pneumatic brakes.
The simulation is divided into three phases, see At t = 1 s, the control valve opens fully due to the high control deviation. Because of the spring in the actuator the clearance of 1.5 mm on each side of the disk is overridden in only 0.890 s. From that time on the selfenergising effect is initiated starting with a rise of pressure in the supporting cylinder, which is consequently moving. After a total of t d = 1.27 s 10 % of the reference value is achieved. The process of self-energisation speeds up due to the higher bulk modulus of the oil at higher pressures. In this phase contained air is most troublesome because it leads to longer dead times. The set value is achieved after t = 1.42 s, which is in the range of todays pneumatic systems.
At t = 2.6 s two step changes in the reference value demonstrate the high closed loop brake dynamics of SEHB. Fig. 16 is the enlargement of the upper chart in Fig. 15 showing the step changes in the set value and the controlled brake force in response. The time constant T c of the closed loop control is very small compared to pneumatic systems. It is slightly different for falling (31 ms) and rising (42 ms) set value. The time until 10% of the reference step is reached is between 66 and 87 ms. For a comparison: In this period the brake disk has not finished one revolution at full vehicle speed of 33 m s . It is interesting to notice that this change in brake force does not significantly exhaust the supporting cylinder, as can be seen in Fig. 15 . This is important for sliding protection algorythms, where the brake force set value changes quickly for a period of time.
At the moment of setting the brake force set value to 0 kN the servo-valve opens in negative direction and relaxes the compressed fluid of the brake piston to the expansion tank. The brake actuator releases, as shown in Fig. 15 . During venting the brake the high-pressure line is connected to the surface of the brake actuator piston ring, increasing the relaxing effect. The surface of the brake actuator piston ring is smaller than the surface of the piston face, which means that less volume flow is required for the return stroke. The brake control opens the servovalve negatively as long as needed for lifting the actuator 3 mm in total, which is the predetermined air clearance of 1.5 mm on each side. The time for complete retraction is t retract = 0.41 s.
While the brake pad is lifted from the disk, the supporting cylinder regenerates through the integrated pre-stressed springs. With the given spring parameters, the regeneration takes place within t regen = 1 s. For cases in which this time for complete regeneration is not allowable, the stroke of the supporting cylinder must be long enough to provide braking power for several brakings.
Conclusion
This article focuses on the major hydraulic and mechanical design aspects of a self-energizing hydraulic brake. For each mechanical aspect, such as kind of brake actuator, actuator guidance, geometric configuration and kind of supporting cylinder design, different solutions are discussed indicating their specific advantages and disadvantages. The matrix of possible solutions in combination with practical boundary conditions leads to a prototype design in two steps. Goal of the first step is the verification of the SEHB principle using parts from an automotive brake. With a second prototype design, the specific demands of a brake for railways are met. The simulation of the brake is used iteratively in the design process and helps for the understanding of the interdependency of design parameters. Simulation results showing the brake dynamics are presented on the basis of the second prototype design and fulfill the basic requirements. Future work will focus on implementation of the prototype and verification of its model with measured data.
